We present observations of the disintegrating long-period comet C/2019 J2 (Palomar) taken to determine the nature of the object and the cause of its demise.
INTRODUCTION
Some comets spontaneously disintegrate, for reasons which remain poorly understood (Sekanina 1984) . Disintegration competes with devolatilization, impact into the planets or the Sun, and ejection from the solar system as one of the leading causes of cometary demise (Jewitt 2004) , but the relative rates of these processes are largely unknown. Unfortunately, disintegrations occur spontaneously and are short-lived, making them difficult to observe.
The recent disruption of newly discovered long-period comet C/2019 J2 (Palomar) (hereafter "J2"; Ye et al. 2019a ) provides an opportunity for study. The comet has semimajor axis a = 590.1 AU, eccentricity e = 0.997 and inclination i = 105.1
• , with perihelion at q = 1.726
AU occurring on UT 2019 July 19. We present imaging observations taken to assess the nature of the object and the mechanism behind its disintegration.
OBSERVATIONS
Observations were obtained using the Nordic Optical Telescope (NOT) located in the Canary Islands. The NOT is a 2.56 m diameter telescope which, when used with the 2048×2048 pixel ALFOSC camera, gives a 6.5×6.5 field of view with 0.214 pixels. We obtained images on two dates, as summarized in Table ( non-sidereal rates to follow the motion of the comet (approximate rates 3 hour −1 West and 153 hour −1 South). As a result, the images of field stars and galaxies are heavily trailed.
The seeing was measured from sidereally tracked images of field stars to be ∼1.1 arcsec FWHM on both nights. Flat fields were constructed from images of the illuminated interior of the observatory dome. The data were photometrically calibrated using large aperture photometry of field stars appearing in the Sloan DR14 sky survey (Blanton et al. 2017 ).
We transformed from the Sloan filter system to V magnitudes using the relations given by Jordi et al. (2006) and assuming that J2 has the mean color of long-period comets (V-R = 0.47±0.02, Jewitt 2015), finding V = g -0.37, and V = r + 0.26. The transformation incurs an uncertainty of at least a few percent, which is of no consequence in the present study.
Composite images from the two dates are shown in Figure (1) , with the image from August 02 being of higher signal-to-noise ratio because of the longer on-source integration time (3600 s vs. 600 s for July 24). On both dates, the comet appears diffuse and without central condensation. The symmetry axis of the object, while poorly defined, lies between the projected anti-solar and negative heliocentric velocity vectors, marked in the figure by yellow arrows and the − and −V symbols, respectively.
The diffuse appearance and low surface brightness of J2 limit the accuracy with which photometry can be obtained. Photometry is particularly sensitive to uncertainties in the sky background, which is influenced by scattered light from stars passing through and even outside the field of view. For example, the left-right sky gradient in the August 02 image (Figure 1 ) results from light scattered from a bright object to the upper left (north east) and outside the field of view. We extracted photometry using an aperture of projected radius 10 4 km on both dates (Table 2) to facilitate direct comparison with measurements from the Zwicky Transient Facility 1.2 m telescope, Ye et al. (2019b) . Use of a fixed linear aperture obviates the possibility that any changes are due to sampling different volumes in the coma.
Given the lack of a strong central concentration in the NOT data, we experimented to maximize the signal by trying different aperture positions. The photometric uncertainties listed in Table ( 2) are our best estimates of the errors due to the structured background and variations resulting from the uncertain position of the brightness peak. In addition to the apparent magnitudes, the Table lists the absolute magnitudes, H, and the effective scattering cross-sections of the comet, C e , computed as follows. We computed H from the inverse square law, expressed as
where V is the apparent magnitude, r H and ∆ are the heliocentric and geocentric distances, respectively, and f (α) is the phase function. The phase functions of comet dust are in general poorly known and, in J2, the phase function is completely unmeasured. We used f (α) = 0.04α, which gives B, the ratio of scattered fluxes at 0 • phase and 30
• phase as B = 3. Values of this ratio in other comets are scattered across the approximate range 2 < B < 3.5, as summarized by Bertini et al. (2019) .
The absolute magnitude is related to the effective scattering cross-section, C e [km 2 ], by
where p V is the geometric albedo. We assume p V = 0.1, as appropriate for cometary dust (Zubko et al. 2017) , but note that the albedo of J2 is unmeasured and could be higher or lower by a factor two to three. The apparent and absolute magnitudes and the scattering cross-sections are listed in Table ( 2). for 1.1 seeing under dark sky conditions. The modest difference reflects the irregular background to J2 evident in the real data. Equation (1) gives the corresponding limit to the absolute magnitude of any point-like nucleus as H ≥ 21.6 and, by Equation (2), the maximum allowable nucleus radius is r n = (C e /π) 1/2 ≤ 0.1 km, again assuming p V = 0.1 (the radius limit may be scaled to other assumed albedos in proportion to (0.1/p V ) 1/2 ). The imaging data thus show that no nucleus fragment larger than about 100 meters remains in early August.
The position angle (PA) of the tail center-line in our August 2 data is θ P A = 52±5
• .
We computed synchrones for a range of dates to find that the synchrone PA reaches the observed value for ejection on DOY 146
). While the tail is too broad to be consistent with a single synchrone, the center line gives an approximate indication of the mid-time of the ejection.
An independent estimate of the ejection timescale is obtained from the photometry listed in Table ( 2) and plotted in Figure ( 2). A weighted least-squares parabola fitted to the photometry gives the time of peak absolute magnitude as DOY = 144±12, corresponding to UT 2019 May 24±12. We take this date, which is ∼2 months before perihelion, as our best estimate of the time of disintegration and note that the comet was then at r H = 1.87 AU. The dates deduced independently from the tail PA and from the photometry are in agreement, within the uncertainties of measurement. Furthermore, images posted online (http : //aerith.net/comet/catalog/2019J2/pictures.html) show a change from centrally condensed on May 13 to diffuse with a fading core on June 4 and thereafter, consistent with a major physical change in the comet between these dates, again consistent with the inferred disruption time.
If contained in particles of mean radius a, the mass of material implied by scattering
where we have assumed ρ = 500 kg m −3 as the grain density. We obtain a crude measure of the size of the particles from the length of the dust tail, assuming that radiation pressure is the driving force. For a constant applied acceleration, βg , where β is the radiation pressure efficiency and g is the local gravitational acceleration towards the Sun, the distance travelled by a grain released from the nucleus with zero relative speed is L = βg ∆t 2 /2, where ∆t is the time since the dust particle release. Writing g = g 1 /r 2 H , where g 1 = 0.006 m s −2 is the acceleration at r H = 1 AU, we obtain
with r H expressed in AU. Consider the observation on UT 2019 July 24, for which ∆t = 61 days (5.3×10 6 s) from May 24 and C e = 3.5±0.7 km 2 within the photometry aperture of radius L = 10 7 m. Substitution into Equation (4) gives β = 4 × 10 −4 . For dielectric spheres, the particle radius expressed in microns is approximately equal to the reciprocal radiation pressure factor, a ∼ β −1 (Bohren and Huffman 1983) , giving a ∼ 2.5 mm. Smaller particles should have been swept out of the aperture by radiation pressure while larger ones are retained within it. Setting a ≥ 2.5 mm in Equation (3) gives M d ≥ 6 × 10 6 kg. This is a minimum mass because all the particles in the aperture must be larger than 2.5 mm in order not to have been swept out by radiation pressure. To obtain a better estimate of M d
we must consider the size distribution of the ejected particles.
Observations from other split and disintegrating comets show that the debris size distribution approximates a power-law, such that n(a)da = Γa −q da is the number of particles with radius in the range a to a + da, where Γ and q are constants. The index is typically q ∼ 3.5 (Jewitt et al. 2016 , Ishiguro et al. 2016a , Kim et al. 2017 , Moreno et al. 2012 ) although smaller (e.g. q = 1.7, Kleyna et al. 2019 ) and larger indices (e.g. q = 3.8, Ishiguro et al. 2016b ) have been reported. If the particle radius range extends from minimum a min to maximum a max , the average radius in a q = 3.5 distribution is a = (a min a max ) 1/2 . Setting a min = 2.5 mm (from Equation 4) and a max = 100 m (from the absence of a point-source nucleus), we find a = 0.5 m. Then, Equation (3) gives M d = 1.2×10 9 kg for the debris mass in the aperture on July 24. This is equivalent to a sphere of the same density having radius r n = [3M d /(4πρ)] 1/3 or r n ∼ 10 2 m. The mass in power-law distributions with q < 4 is dominated by the largest particles in the distribution. For example, in a q = 3.5 distribution initially extending from a min = 10 −7 to a max = 10 2 m, particles larger than 2.5 mm contain 99.5% of the total mass. Since these larger particles have not left the 10 4 km photometry aperture, we can be confident that r n ∼ 10 2 m is a good estimate of the equivalent radius of the disrupted body, unless the fragment size distribution is much steeper (q larger) than that assumed.
Mechanisms
Suggested mechanisms for cometary disintegration are many and varied. In the case of J2 at r H ∼ 1.9 AU, however, some of these mechanisms can be rejected. Tidal disruption can be rejected, for instance, because J2 was not close to any major solar system body.
Impact disruption is implausible, because the comet was >1 AU above the ecliptic at the time of disintegration as a result of the highly inclined orbit of J2 (i = 105.1 • ). The number density of asteroids and other bodies drops precipitously with height above the mid-plane and the likelihood of a disruptive collision at >1 AU is vanishingly small.
Ice sublimation can potentially lead to disintegration through distinctly different processes. We first calculated the rate of sublimation of exposed water ice using the energy balance equation and assuming equilibrium. At r H = 1.9 AU, the maximum rate, found at Sublimation at specific rate f s leads to recession of the sublimating surface at rate |dr n /dt| = (f s /ρ) m s −1 . With f s = 1.0 × 10 −4 kg m −2 s −1 and ρ = 500 kg m −3 we find |dr n /dt| = 2 × 10 −7 m s −1 . Even a very modest nucleus of radius r n = 100 m could sustain sublimation at this rate for r n /(|dr n /dt|) ∼ 10 years, showing that devolatilization on a timescale of weeks is unlikely. Devolatilization on a timescale of months would only be possible if the ice on the nucleus of J2 were confined to a thin ( 1 m) surface skin, but this geometry seems contrived.
A more promising mechanism is spin-up of the nucleus by sublimation torques, potentially driving the nucleus to rotational instability. The e-folding timescale for spin-up due to sublimation, τ s , is a strong function of nucleus radius, r n , given by
where ρ n is the density, k T is the dimensionless moment arm, V th is the speed of the sublimated material, P is the starting rotation period of the nucleus andṀ is the mass loss rate. While the numerical multiplier in this equation is geometry dependent and therefore uncertain (c.f. Jewitt 1997, Samarasinha and Muller 2013) , the key factor is the strong dependence of τ s on the nucleus radius, τ s ∝ r 4 n , if all other factors are equal.
The physical quantities in Equation (5) s −1 , corresponding toṀ = 15 kg s −1 . Substituting into Equation (5) gives τ s ∼ 1 × 10 9 r 4 n s, with r n expressed in km. If r n = 0.1 km, we find τ s ∼ 10 5 s.
To judge the importance of spin-up, we compare τ s with the characteristic timescale for change of the heliocentric distance, given by τ = r H /|ṙ H |. We reason that pre-perihelion spin-up is likely when τ s < τ . At the time of the disintegration in mid-May 2019, J2
had r H ∼ 1.9 AU and |ṙ H | ∼ 10 km s −1 , giving τ ∼ 3 × 10 7 s. The requirement τ s < τ is satisfied for r n < 0.4 km, meaning that J2 could have been torqued to break-up if its nucleus was initially smaller than about 400 m in radius, consistent with the ∼0.1 km scale obtained above. As another consistency check, we note that the specific sublimation rate, with q = 0.013 AU (Keane et al. 2016 ) and C/2010 X1 (Elenin) with q = 0.482 AU (Li and Jewitt 2016) . These objects all displayed a diffuse, elongated appearance similar to that of J2. The nuclei of comets ISON and Elenin had radii r n ∼ 0.5 km (Keane et al. 2016 ) to 0.6 km (Li and Jewitt 2016) ; the radius of comet LINEAR is uncertain, but estimated as 0.1 km or larger (Weaver et al. 2000) , while the size of the nucleus of comet Ensor is not known.
We suggest that the disruption of comet J2 is possible, even at a heliocentric distances as large as 2 AU, because of its diminutive nucleus and the strong radius dependence of the e-folding spin-up time (Equation 5). We further surmise that rotational breakup of long-period nuclei may contribute to, or even account for, the "fading problem", i.e. the long-recognized inability of purely dynamical models to account for the measured distribution of cometary orbital binding energies (Oort 1950 , Wiegert and Tremaine 1999 , Levison et al. 2002 . Lastly, we observe that the strong size-dependence of the rotational break-up e-folding time should lead to the preferential depletion of small nuclei, and to a flattening of the size distribution of small long-period comets. While reliable measurements of sub-kilometer nuclei are few, flattening of the distribution has indeed been inferred in a study by Fernández and Soza (2012) .
SUMMARY
We obtained observations of the in-bound, disintegrating long-period comet C/2019 J2 (Palomar) with the 2.56 m Nordic Optical Telescope on UT 2019 July 24 and August 2.
The measured properties are consistent with the rotational disruption of a sub-kilometer nucleus under the action of outgassing torques. Specific results include 1. Peak brightness was reached on UT 2019 May 24±12, when at heliocentric distance 1.9 AU and ∼56 days before perihelion. We find a debris mass M d ∼ 1.2 × 10 9 kg, comparable to the mass of a 100 m radius sphere if density ρ = 500 kg m −3 .
2. The comet appears elongated and diffuse, with no central condensation detected down to a 3σ limiting apparent magnitude R = 25.0 (absolute magnitude H = 21.6). This sets a limit to the equivalent spherical radius r n ≤ 0.1 km (assuming geometric albedo 0.1).
3. Tidal disruption and impact disruption are rejected as likely mechanisms because the comet disrupted far from any planet and >1 AU above the ecliptic plane, respectively.
Neither sublimation back-pressure nor devolatilization of the nucleus play a role in the disintegration because, at 1.9 AU from the Sun, the equilibrium sublimation rate is very small.
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